Pollution generated by hazardous elements and persistent organic compounds that affect coal fire is a major environmental concern because of its toxic nature, persistence, and potential risk to human health. The coal mining activities are growing in the state of Santa Catarina in Brazil, thus the collateral impacts on the health and economy are yet to be analyzed. In addition, the environment is also enduring the collateral damage as the waste materials directly influence the coal by-products applied in civil constructions. This study was aimed to establish the relationships between the composition, morphology, and structural characteristics of ultrafine particles emitted by coal mine fires. In Brazil, the self-combustions produced by Al-Ca-Fe-Mg-Si coal spheres are rich in chalcophile elements (As, Cd, Cu, Hg, Pb, Sb, Se, Sn, and Zn), lithophile elements (Ce, Hf, In, La, Th, and U), and siderophile elements (Co, Cr, Mo, Fe, Ni, and V). The relationship between nanomineralogy and the production of hazardous elements as analyzed by advanced methods for the geochemical analysis of different materials were also delineated. The information obtained by the mineral substance analysis may provide a better idea for the understanding of coal-fire development and assessing the response of particular coal in different combustion processes.
Introduction
A long exposure of coal fire to air is a well-known phenomenon (Dias et al., 2014; Ribeiro et al., 2010) . This natural phenomenon primarily occurs due to the release of heat through a large surface of active sites in coal, which strongly interacts with dioxygen, resulting in a significant increase in temperature in coal power plants.
In coal fires, Al-Ca-Fe-Mg-Si spheres are generated because of thermogeochemical conversions and phase transformations of Febearing minerals present in original coals (Dias et al., 2014; Sehn et al., 2016) . As temperature fluctuates from 400 to 1600°C, several active progressions occur during the self-combustion of coal, such as the release of hazardous volatile substances from the coal, as well as reactions such as oxidation of sulfides, decomposition of carbonates, and dehydroxylation of hydroxides, and hydrated sulfates. The iron-bearing phases may experience alterations during coal fires, and small crystalline phases such as jarosite, goethite, maghemite, magnetite, and hematite could be formed or even interact with other substances such as clay mineral residues to form an amorphous, iron-bearing aluminosilicate glass. Iron mostly exists as Fe 2+ at high temperatures in a reducing environment. Under these conditions, iron as Fe 2+ may also be involved in the formation of low-temperature eutectics over a wide range of compositions in the Al-Ca-Fe-Mg-Si system (Bryant et al., 1997) . These thermogeochemical reactions may change, which may lead to the melting of an inorganic substance in the carbon matrix. A large number of Fe phases, such as hematite, magnetite, maghemite, Fe 2+ silicate, Fe 3+ silicate, and Ca and Ca-Mg ferrite spinel, and some accessory iron-bearing minerals, such as martite, mushketovite, wustite, ilmenite, chromite, native Fe, Mn ferrite, ferrosilicon, and Fe hydroxides, have been distinguished in magnetospheres as a result of the multifaceted developmental process of magnetospheres in coal power plants (Magiera et al., 2011; Dai et al., 2014) . The proportion of Fe-bearing minerals in magnetospheres fluctuates with the different types of coal ashes collected from different power stations, which T substantially depends on the feeding and combustion of coals (Yang et al., 2014) . Several studies, such as Saikia et al. (2015) , Bryant et al. (1997) , Magiera et al. (2011), and Dai et al. (2014) , have reported the transformation process of Fe-bearing inorganic phases in coal combustion. However, there is still a lack of the methodical approach of analyzing geochemical characteristics of Al-Ca-Fe-Mg-Si spheres, especially for magnetospheres generated by Brazilian coal fires. In order to determine the most efficient approach to assess the natural and geochemical composition of the Fe spheres present in coal fires and the Fe dispersal and its potential polluting effect if the coal area is deployed, the allocation of certain hazardous elements (HEs) in various fractions of coal fires (magnetospheres, nonmagnetic fractions, and raw coal ashes) was investigated exhaustively by combining multi-analytical techniques.
In the current rapidly changing climate, it is crucial to have a better understanding of coal fires, not only to restrain the waste of natural resources but also to reduce the side effects of fossil energy on climate change and human health. Thus the main aim of the study was to improve the process sustainability of coal usage by implementing suitable measures and technological alternatives in the coal power plant. The primary objectives of this study were as follows: (1) to authenticate a detailed analytical method including all suggested criteria for determining hazardous compounds and nanominerals in coal spontaneous combustion, (2) to determine the levels of inorganic elements in the coal power plant, (3) to compare the obtained data with those from other works within the available permissible levels, and finally (4) to consider the potential human health risks at the study location.
Materials and methods

Samples
This study was carried out in a corporative framework in the state of Santa Catarina in Brazil. The largest coal-fired power plant is hosted in Latin America, aiming to reduce the waste from the coal stored in warehouses and mitigate the occupational risks associated with the selfcombustion of coal.
During a three-year observation period (2015) (2016) (2017) , the samples of 49 neoformed minerals and the overlying materials were collected from the main coal deposits of the Tractebel Suez-GDF thermoelectric plant (Fig. 1) . Following previously published studies (Dias et al., 2014; Ribeiro et al., 2010) , every single coal-burned sample was handled separately during chemical and mineralogical analyses. The objective was to conduct a pragmatic analysis of the existing coal waste from selfcombustion in the warehouses of the thermoelectric plant. The coal-fire samples were stored in tightly sealed plastic vials or wrapped in a plastic foil and then enclosed in sealed plastic bags. The sample particle size was reduced by a milling step and then dried in a laboratory furnace at 30°C for 36 h. Thereafter, the samples were homogenized and sieved. The additional information on sampling and pretreatment can be found in the work of Sehn et al. (2016) on nanomineralogy. The ultrafine particle samples were uniformly mixed and collected by the sample division to obtain the representative Tractebel Suez-GDF samples. The Tractebel Suez-GDF thermoelectric plant, where this study was conducted, has not only applied a large number of initiatives to improve the quality of life of the employees and local population but also conducted an industrial visiting program for students. During one particular visit, the samples were collected from self-combustion coal (Fig. 2) . In order to provide a safer environment to the representatives of the academic as well as the civil sectors, the information and reports thus collected were shared with the company staff.
Electron beam
The Tractebel Suez-GDF samples with relatively high concentrations of HEs were selected for further observations by electron microscopy considering hazardous elements that may be difficult to be detected by X-ray fluorescence (EDS). For the micro-and nanoscale assessments, the ultrafine samples were analyzed by field emission scanning electron microscopy (FE-SEM) and high-resolution transmission electron microscopy (HR-TEM). FE-SEM was applied for evaluating the geochemical composition of individual phases using EDS analyzers as it allows minerals or their mixtures to be identified in coal. It was used for in mapping of elemental distributions in the studied samples (Dalmora et al., 2016; Tezza et al., 2015) . A combination of FE-SEM and HR-TEM, UTLA UTLB UTLC Fig. 1 . The location of the studied power plant.
M.L.S. Oliveira et al. Environmental Research 160 (2018) 562-567 supported by selected area electron diffraction (SAED) and/or microbeam diffraction (MBD), scanning transmission electron microscopy (STEM), and EDS analysis, were used to identify the nanoparticles (Silva et al., 2009; Cutruneo et al., 2014; Ramos et al., 2017; Fdez-Ortiz et al., 2017; Agudelo-Castañeda et al., 2017) . In this study, all samples were prepared by suspending small quantities in different organic solvents, such as acetone, hexane, and methanol, and were analyzed by HR-TEM. Once samples were suspended, the droplets were placed onto TEM grids to study individual particles, by using HR imaging, crystallographic determination, and chemical analysis. The relative proportions of minerals or different combinations of elements in the samples were volumetrically estimated by the integration of the points measured in the scan, showing the distribution of different phases (Sindelar et al., 2015) .
Raman microspectroscopy (RMS) and X-ray diffraction (XRD)
The model D8 DISCOVER XRD Bruker diffractometer with NAP-LOCK X-ray optics under operating conditions fixed at 12 mm, Cu Kα monochromatic radiation, 20 Ma, and 40 kV was used as a first step for the mineralogical analysis of the coal-fire samples. The samples were then observed at 0.3°2θ/min (5-65°) and studied by using Raman microspectroscopy analysis, among other techniques (Quispe et al., 2012; Silva et al., 2011a; 2011b) .
Results and discussion
The applied analytical procedures revealed the microscopic surface morphology and HE distributions in the SE and BSE modes in the coal samples. The elemental compositions of ultrafine amorphous, nanomineral, and organic matter were confirmed by using EDS/SAED/MBD.
As the coal-fire temperature varies between 600 and 1600°C, the organometallic, organic, and inorganic compounds exposed at this temperature range may suffer substantial changes due to devolatilization during combustion, which may cause several alterations in the detected inorganic compounds (Dias et al., 2014; Ribeiro et al., 2010) . The products and residues may react with each other to produce sulfates, oxides, hydroxides, phosphates, feldspars, and a range of other aluminosilicate phases at a proper exposure time and by certain particle sizes. The detected amorphous compounds obtained by the self-combustion of the Brazilian coal with abundant nonmineral inorganic elements might be dominated by sulfates and other nonsilicate minerals (e.g., halite, lime, anhydrite, and periclase). The results obtained by XRD, MSR, and electron beam geochemical analyses confirmed a linear dependence of the Al, Ca, Mg, and Si contents on the Fe concentration in the fractions of the characterized Fe spheres (e.g., Fe nanospheres; Fig. 3 ).
An interesting relationship was observed between the major elemental compositions of the Fe-nanosphere fraction (Vassilev et al., 2004) . Iron-rich morphotypes showed a high brightness in the BSE mode due to the high atomic number of Fe, which makes them easily identifiable even in the low amounts of the examined coal ash samples. An electron microscope offers a higher resolution than regular optical microscopy and is also useful for the elemental analysis of individual fractions. The individual three-dimensional particle surface topography of the polished-thin sections obtained from solid or powdered coal-fire material examination was assessed (Fig. 4) . One of the advantages of the graphic-based image combined with FE-SEM/EDS analysis is the study of individual component mapping, mineralogy, morphology, and grain size data. In order to identify ultrafine silicate, iron, and M.L.S. Oliveira et al. Environmental Research 160 (2018) 562-567 carbonaceous particles in Brazilian coal fires with possible implications in the determination of the mode of occurrence and the bioavailability of environmentally hazardous elements, the individual particles from coal fires at a smaller scale were also studied using FE-SEM/EDS techniques (after Dias et al., 2014) . Nonmineral inorganic elements are most abundant in Brazilian coals though the detected crystalline particles may occur in the self-combustion of any rank. The complete understanding of the coal in question and meet the objectives of a particular mineral-substance study, the integration of the data by techniques that complement each other and the use of information from one source to cross-check or extend the data obtained from others may be necessary. In addition, the trace elements in coal fires might also become concentrated in the amorphous materials produced by coal self-combustion. It should be noted that some of these elements are generally released in the environment with ash leaching (Izquierdo and Querol, 2012) , while other elements may possibly be used as economic resources for a series of industrial applications (Dai et al., 2014b) .
Understanding of mineral-substance reactions may also be crucial in releasing particles from burning coal-waste materials (Ciesielczuk et al., 2015) . Therefore, the overall direct relation between the geochemical compositions of the major components of Al-Ca-Fe-Mg-Si spheres obtained from the combustion of different types of combustion shows that, in the burned coal sample morphology, all Fe forms of the inorganic compounds of the coal participate in the formation of the melt droplets over a large range of compositions in the Al-, Ca-, Mg-, and/or Si-bearing ternary and quaternary systems (Sharonova et al., 2013) .
Considering that the melt cools incidentally with an increase in the oxidation potential, Fe in the form of Fe 2+ is partially oxidized to Fe 3+ and precipitates out from the melt in the form of an Fe spinel with the crystallization of other phases that are the characteristics of the two systems Fe x O y -Al 2 O 3 -SiO 2 and Fe x O y -CaO (Sharonova et al., 2013) . All the studied coal-burned fractions of Al-Ca-Fe-Mg-Si spheres contain a Fe spinel and an amorphous phase as the principal constituents. In general, Fe spheres (also known as magnetic microspheres or magnetite globules), are highly reflective spherical particles observed in cross-sections under reflected white light microscopy, which are characterized by their Fe content, density, and magnetic properties as they are composed of magnetite and hematite (Valentim et al., 2016) .
The large portions of Fe spheres formed by the melting of the analyzed self-combustion samples have significantly different values for their particular surface areas distinguishing the microporous structure of the globules. The FE-SEM results obtained by many researchers for small globules on individual Fe spheres in the form of polished sections showed that the examined differences in the surface structures are extended throughout the bulk of the globule (Wilcox et al., 2015; Saikia et al., 2015; Oliveira et al., 2014) .
The most common Fe-rich morphotypes found in the Santa Catarina coal-burned samples are relatively small in size (0.05-259 µm), primarily well rounded, with pores at the surface, and hold a considerable proportion of the glassy aluminosilicate matrix. The pseudoplero-ferrospheres hollow glassy spheres that are filled with nano/micrometricsized coal ashes are referred to as pseudoplerospheres. A similar observation was previously reported by other authors while examining coal ashes (Valentim et al., 2016) . FE-SEM and HR-TEM are used to observe the micro/nanostructure of Fe spheres. Most illustrative kinds of dense magnetospheres have a rugged surface and are proximate to ideal spheres. A considerable amount of nano/microspheres, presumably consisting of goethite, hematite, magnetite, or spinel crystals in the glassy matrix is adhered to the surface of magnetospheres (Zyryanov et al., 2010) .
Ca minerals were used to coat a significant amount of hematite and magnetite magnetospheres (e.g., calcite and anhydrite). The BSE detector mode was especially used for refinement based on the atomic weight and the secondary electron detector mode was used for the topographic characterization of the particle planes. Some baked inorganic substance in the observed samples of coal fires provide the evidence of the origin of hazardous elements, i.e., the mineral phases, wherein they were hosted in the coals, and the developmental steps of the inorganic morphotypes in the coal fires.
These chemical particles will conversely affect the properties of the Ca-Fe-Mg-Si sphere matrix and its mineralogy and subsequently will also affect the microstructure of nano/microspheres. Furthermore, Fe and Al are involved in the formation of ferrospinel. Therefore, the manifestation of Al, Si, and Fe will significantly affect the advancement of the Fe spinel in Fe spheres, and the substitution of the trace element into the Fe spinel will also play a fundamental role in the morphology, magnetism, mineralogy, and nano/microstructure of the detected spheres.
The examined burned sample events performed by multi-analytical techniques confirmed the presence of the detected Fe-bearing minerals, namely jarosite (Fig. 5) , goethite, maghemite, magnetite, and hematite, and abundant amorphous phases. The XRD as a bulk multi-analysis technique could not detect numerous mineral phases in the Santa Catarina coal power plant. However, the electron beam and RMS, as a point-specific technique, confirmed that Fe minerals are present in all the Fe compounds in all of the coal-fire samples. In some cases, it was found that hematite, as a secondary crystal state in the same Fe particles, coexists with hematite and magnetite. Pyrite, while in several cases marcasite, was found in a wide range of the examined burned coal samples. It was especially found in the coal affected by marine conditions during or shortly after deposition (Chou, 2012) . A range of Fesulfate minerals, including jarosite (Fig. 5) , natrojarosite, coquimbite, M.L.S. Oliveira et al. Environmental Research 160 (2018) 562-567 szomolnokite, and melanterite, might be found in the group of coal-fire minerals. These minerals represent the oxidation of sulfide components during coal exposure, storage, or combustion (Dias et al., 2014; Oliveira et al., 2012) . Most of the unusual stages reported, while studying coalfire minerals, were observed only by Raman or electron microscope studies (e.g., Ribeiro et al., 2010) or indirectly by elemental associations (Sehn et al., 2016) , which are not concentrated enough to be identified from the XRD analysis of the whole group of minerals or from the fraction of the isolated stages. Broadly speaking, all the detected Ca was essentially placed on the tetrahedral site of the Fe spinel and Mn was placed on the octahedral site, whereas Mg was primarily combined with an inert spinel phase without considering the tetrahedral or the octahedral site, which is detected on the basis of the structural refinement and lattice parameters of the spinel. The elemental substitution of Fe into the Fe-spinel crystal lattice interferes with the generation of the Fe spinel (Fig. 6) as well as the geochemical features of magnetospheres in conjunction with magnetism. Separate minerals containing Ca and Mn were not distinguished at any rate by the analytical procedure applied because of their microscopic amount contained in the studied samples as well as the same spinel structure of the Mg and the Mn spinel.
Diverse chalcophile elements (As, Cd, Cu, Hg, Pb, Sb, Se, Sn, and Zn), lithophile elements (Ce, Hf, In, La, Th, and U), and siderophile elements (Co, Cr, Mo, Fe, Ni, and V) displayed significant advancement in magnetospheres as compared to their respective nonmagnetic fractions. In addition, some of these hazardous elements enriched in magnetospheres, such as Ba, Cu, Mn, Cr, and Zr, may appear as a proper discrete accessory mineral (e.g., monazite, barite, and zircon). Similarly, some important volatile elements (e.g., Hg, Se, As, and Pb) were first sublimated during the combustion process and then assimilated on the surface of Fe spheres of the coal self-combustion process (Fig. 7) . From the studied coal-fire samples, we can confirm that they are supplemented by some traditional inorganic sorbents, such as amorphous materials, anhydrite, clay minerals, calcite, and mixed hematite/magnetite.
On the whole, a particular number of the hazardous elements with an unpredictable behavior studied in the Brazilian coal fires tend to cluster with the easily decomposing organic substance and nanominerals such as sulfates, sulfides, and carbonates in coal. It is reported that Hg principally exists as a volatilized species in the burned coal and merely condenses and assimilates downstream, particularly in coal-fire minerals with the higher specific surface. However, similar results were also reported by others authors (Mardon and Hower, 2004; Kostova et al., 2013) . Therefore, although such HEs occur in ultrafine and nanomineral forms, they may have an organic association with coal. Although the cases of As, Cr, Cd, Hg, Se, Pb, and/or V association behavior in nanominerals may inherently be controlled by origin, physical-chemical properties and the nano-effects of nanomineral and coal rank, a specific attention needs to be paid in future coal-fire studies.
In order to further capture and stabilize the most volatile elements in the coal fires, the mechanisms among vapor elements and the dispersed substrates have already been recommended (Ribeiro et al., 2010 ). In addition to particle coagulation between element nucleus and sorbents, such as clay, char, glass, and minerals and materials with amorphous characteristics (sulfates, oxyhydroxides, silicates, and carbonates), they also involve the physical film condensation and the reactive capture of vapor elements on substrates. Certainly, with the obtained results, based on the geochemistry, it is suggested that the power plant should work to decrease the high volume of stored coal to significantly reduce the possibilities of loss due to the self-combustion of the stored coal. Furthermore, apart from the actual safety protocols, it is inconceivable to avoid the contact of people with organic hazardous waste and the volatilized inorganic material during the selfcombustion of the coal. This approach may help reduce the environmental risk caused by the industry. In this sense, for the future safety of Brazilian coal powerhouses, following suggestions can be made: the volume of coal deposits should be reduced and a smart storage need to be applied reducing the process time; the centralized deposits closer to workspaces should be established; awareness campaigns should be launched to eliminate the negative habit of smoking near the deposits to prevent fires; self-combustion prevention targets should be defined; and a collaboration with the mining trade unions and employees of the coal powerhouse should be established.
Conclusions
In this study, we investigated the relevance of the nanomineral substances and the geochemical composition of the collected hazardous elements from coal fires occurring at the biggest thermoelectric powerhouse in South America. The specific geochemical multi-analyses showed that Fe exists in considerable proportions in coal-fire minerals. Amorphous forms, goethite, jarosite, magnetite, maghemite, and hematite are the most abundant Fe-bearing phases. On the other hand, the XRD data showed that these are only present in smaller proportions and are below the detection limits in some cases. Considerable crystalline Fe-bearing phases that were analyzed appear as massive or dendritic crystals forming Fe-rich spheres or as lightly dispersed crystals trapped inside a glassy Al-Ca-Fe-Mg-Si matrix. In order to understand the modes of occurrence, source, environmental impact, and the potential economic value of hazardous elements (and in extraordinary cases, with major elements) in coal self-combustions, it is fundamental to have sound knowledge of the inorganic substance. This study demonstrates M.L.S. Oliveira et al. Environmental Research 160 (2018) 562-567 that the capturing mechanism of such elements is similar to the Hg process. The obtained results are not only useful for the Brazilian zone but also for other power plants in the world where these types of contaminations are available. Good understanding of the complex processes plays a vital role in the progress of environmental management guidelines and in the application of mitigation measures adapted for these environments. Considering the composition and the nature of the studied elements, further steps must be developed under that management plan to reduce the waste and the exposition of hazardous materials that affect human health.
